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INTRODUCTION 


Since  Ibn-Nafis  in  Arabia,1 and  much  later  Servetus1  and  Colombo** 
in  Europe  established  the  presence  of  a  communication  between  the  right 
and  left  sides  of  the  heart  by  way  of  the  lungs  through  which  nearly  all 
of  the  blood  of  the  body  must  pass  in  its  circuit,  investigators  began 
to  search  for  factors  which  might  influence  or  control  the  flow  of  blood 
through  these  vessels;  control  exerted,  if  not  by  active  change  in  the 
vessels  themselves,  then  secondary  to  changes  in  the  heart  action  and  the 
peripheral  systemic  circulation. 

The  early  investigators  of  this  problem  working  in  the  latter  part 
of  the  19th  century  found  that,  in  lower  animals,  the  stimulation  of  the 
nerve  supply  of  the  respiratory  organ  would  elicit  certain  definite 
changes  in  the  systemic  circulation  and  heart  rate.  MacWilliam  ( 188 5 ) ^ 
demonstrated  that  slight  stimulation  by  several  methods  of  either  gill 
of  the  eel  produced  a  sudden  and  powerful  inhibition  of  tie  heart.  Prior 
to  this  time  Einbrodt  (1860),^  Hering  (1871),1  and  Sommerbrodt  (l88l)^ 
had  shown  that  appropriate  stimulation  of  the  efferent  nerve  supply  of 
the  lung  by  forced  respiration  with  air  under  increased  pressure  pro¬ 
duced  changes  in  heart  action  and  systemic  circulation.  Brodie  and  Rus¬ 
sell  (1900)^  shoxred  that  faradic  stimulation  of  the  central  end  of  pul¬ 
monary  branches  of  the  vagus  resulted  in  an  immediate  and  pronounced 
drop  in  the  systemic  blood  pressure  and  bradycardia.  H©  also  found  that 
this  reflex  was  accompanied  by  apnea.  In  another  paper  in  the  same  year, 
Brody1^  also  reported  the  effects  of  injecting  blood  serum  into  the  ju¬ 
gular  vein  of  the  cat.  He  found  that  injection  of  this  material  from  any 
source,  including  autologous  serum,  produced  an  immediate  and  marked 


-  MXM  .  ;!■  7 

.  jf.;  wL-.;  r  'rML'ixi.TSt-  ::.i 

.1  '  :  '  ■■  ■■■  '■  ■■■  r-  .  ..  ''i  O  00  b.,M  JMM.  b.fiS 

,  -  ; '  r\  :■  Mo  r  .0  i  'o.b. ''  :niJ 

'  .M;  \c  '  ■1"  no  '  ■  Moo  X./M  -M.  M  .  ■  ".i.  ocM  <M 

.  '  .Mo  'r  ,  :w.  .  7-  •  -:0  •  \  :i  ".'  -o  : .■ ;  o' • 

,  :  .  £>'-’■  C  '  ■  .  '  o  ... 

'  "  X  -  r  r  c  .  j  .  ••  X  Mi 


y  ,'?r. 

nso 

lo 

sdo 

'io 

crqjje 

yn 

ati 

ill  e 

&:  nario 

Ce 

riJ 

Sj| 

• 

•  on 

■jr 

.IX 

.  Sfl  RT;  td6  e  '  & 

/■rlo  ?.;>  aoJMoloirMXr.  odX  ,^'r  :-.s  *T5^ol  n ,...M:M  Mom 
Mi:  -..MM.  M  •  M: :  Mo  clnow  ::  tv  "O  \'ro,' 

'  vXlJ  MM  VL-r.  .is.  ..T:  ,-ZSi-..  t  ,  r  :  ’ 

MIX  ou  Mo  <  vcMI&fn  Itiovse  ■-  oIMk/jm-  ,  : ::  MM 
,  '■  :  -  ' 

• (  M.  M c.yly siivoc  km  ^(JYSl)  ga-cneH  t(6&8l)  3i.i:X  slcLt  cl 

:■  :  :•  M  Mo  vc  X  L 'M.vO  ■  M.  X;  woiM  tad 

ri  • 

■  . .  Etc 

£  /  s 

.  -"M-  vo  vrlM  ao  no.tf«.u.f!r.loe  o.M  1  AsrfiJ  foeycaia  (QOxIy  IX&* 
of  vr  •  \  Mo,  ? :  :•  •:  iri  ■  10.; .  -  ..v  MX  o  c-jj yjmzz  vifi^ox n 

;  '■  ,  ••>:.  •  .  .  X.-.;.-"  ■  ..  Mi.E  .  .  ;  -o.X.  oXyo.;  -o.;:  j  ;  '.„o,vX 

.  r  •  r. -o'  ■'  >  .:i 

.  -:o  :  1  O!.':  o,  • : c  r  .  o  .  '  .-M.,  "■  z  oMM  .  M  !Jy:  vV  os.M'  '  ••rXv.'i.: 

■  '  0  ,  *X«J 

r.  .■  ;t'.:  '•  ■  ;  ;  •  •  f.  -  .  ..  '  ’■  '•  ,  or  n:  a 


-2- 


inhibition  of  the  heart  and  drop  of  the  systemic  blood  pressure  in  the 
cat,  but  not  in  the  dog  or  rabbit  which  were  also  tested.  The  pulmonary 
branches  of  the  vagus  were  found  to  be  essential  for  this  reaction, 
their  removal  preventing  the  response  from,  occurring  or  stopping  it 
if  they  were  severed  during  a  response. 

Hence,  evidence  accumulated  which  indicated  that  the  lungs  and 
pulmonary  vascular  bed  are  not  entirely  passive  entities  but,  indeed, 
have  a  very  definite  functional  relationship  to  the  respiratory  and 
cardio-vascular  systems  by  way  of  neural  reflexes.  However,  the  nature 
of  this  relationship  remained  to  be  more  thoroughly  investigated. 

The  Nerve  Supply  of  the  Pulmonary  Vascular  Bed 

Anatomical  evidence  for  the  presence  of  a  rich  nerve  plexus  in¬ 
nervating  the  pulmonary  vascular  bed  has  been  available  for  many  years. 
Takino^  reporting  his  observations  in  1933*  found  that,  in  the  dog,  the 
pulmonary  vascular  nerve  supply  extends  over  the  whole  of  the  pulmonary 
arterial  tree  as  far  as  and  including  the  arterioles,  but  it  is  limited 
to  the  extra -pulmonary  and  larger  intra-pulmonary  veins.  He  found  the 
sensory  endings  of  these  nerve  fibers  in  the  media  or  adventitia  of 
the  vessels.  It  was  his  interpretation  from,  histological  evidence 
that  the  arteries  are  principally  supplied  with  sensory  and  the  veins 
principally  with  motor  endings . 

However,  Elftman  (19143;^  found  in  the  dog  sensory  endings  in  the 
pulmonary  veins  of  the  hilar  region  only,  which  were  thought  to  be  pres¬ 
soreceptors.  She  concluded  from  evidence  derived  by  differential  stain¬ 
ing  techniques  that  the  pulmonary  perivascular  nerve  plexus  as  described 
by  Takino  is  probably  primarily  sympathetic  in  nature. 
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Nonidez  (I9l|l)^  described  in  detail  subendothelial  endings  and 
perimuscular  arborizations  in  the  proximal  portions  of  the  pulmonary 
veins  in  the  cat  and  dog.  He  felt  the  possibility  existed  that  these 
might  be  sympathetic  afferent  endings  rather  than  vagal  afferents  as 
was  concluded  by  others.  He  found,  also,  typical  pressorecptors  in 
the  region  of  the  bifurcation  of  the  main  pulmonary  artery,  but  none 
distal  to  this  point  on  the  arterial  side. 

A  careful  anatomical  study  of  the  innervation  of  the  human  lung 
was  done  by  Larsell  and  Dow1^  in  1933.  They  showed  that  the  pulmonary 
hilar  plexus  of  nerves  divided  into  a  peribronchial  and  periarterial 
group.  The  latter  was  found  to  consist  only  of  unmyelinated  fibers — 
probably  postganglionic  sympathetic.  However,  they  were  able  to  demon¬ 
strate  intercommunications  between  the  periarterial  and  the  peribronchial 
groups,  the  latter  having  been  derived  in  a  large  measure  from  the 
vagus  nerve. 

Hence,  there  is  some  disagreement  among  the  anatomists  regarding 
the  nature  and  distribution  of  the  nerve  supply  of  the  pulmonary  vas¬ 
cular  bed;  and  few  conclusions  can  be  drawn  regarding  the  function  of 
these  nerves  from  histological  studies. 

Physiological  Studies  on  Pressoreceptors  on  the  Pulmonary  Vascular  Bed 

Probably  the  first  evidence  to  suggest  that  pressoreceptors  did  in 
fact  exist  in  the  pulmonary  vascular  bed  of  mammals  which  had  function¬ 
al  importance  was  the  work  of  Churchill  and  Cope^-*  in  1929.  They  ap¬ 
proached  the  problem  by  ligating  the  pulmonary  veins  of  the  right  lung 
of  cats  and  infusing  heparinized  blood  into  the  right  pulmonary  artery 
by  cannula  under  controlled  pressures.  They  found  that,  by  raising  the 
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pressure  in  this  isolated  intact  lung  from  0  to  1;2  mm  Hg  that  a  drop  of 
systemic  blood  pressure  of  18  mm  Kg,  bradycardia  and  apnea  for  8  sec¬ 
onds  followed  by  rapid,  shallow  breathing  resulted.  This  effect  failed 

to  occur  after  the  ipsilateral  vagus  had  been  severed. 

1  A 

Harrison,  et  al,  while  studying  the  effects  of  congestion  of 
the  pulmonary  vascular  bed  on  respiration  showed  that  the  r  33  id  in¬ 
fusion  of  100  cc  of  blood  into  the  left  pulmonary  artery  of  the  dog 
produced  tachypnea.  No  attempt  was  made,  however,  to  determine  the 
effect  on  systemic  blood  pressure  of  heart  rate. 

In  1935  Schwiegk^  in  Germany  approached  the  problem  by  tying  off 
all  the  blood  vessels  of  the  left  lung  of  the  dog  and  inserting  a  can¬ 
nula  into  the  peripheral  end  of  the  pulmonary  artery.  He  found  that, 
by  raising  the  static  pressure  in  the  vascular  bed  of  the  lung,  that 
a  reflex  bradycardia  and  a  decrease  in  systemic  blood  pressure  resulted. 
Both  of  these  effects  required  the  integrity  of  the  vagi.  He  found 
that  the  reduction  of  systemic  pressure  was  due  to  peripheral  vasodila¬ 
tion  and  an  increase  of  splenic  volume. 

However,  Schweitzer  (1936), working  with  cats,  found  that 
raising  the  pressure  in  the  left  pulmonary  artery  from  0  to  60  mm 
Hg  gave  a  significant  response  in  only  two  out  of  12  animals.  He 
concluded  that  the  reflex  described  by  Schwiegk  was  an  inconstant 
finding. 

Daly,  et  al  (1937)^  using  techniques  by  which  they  independent¬ 
ly  perfused  the  lesser  and  greater  circulations  of  dogs,  found  that  an 
increase  in  pulmonary  blood  flow  produced  a  reduction  of  systemic 
blood  pressure  and  an  increase  or  decrease  in  heart  rate  and  occasional¬ 
ly  an  increase  in  the  respiratory  rate.  All  of  these  effects  were 
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abolished  by  bilateral  section  of  the  cervical  vagosympathetic.  They 
concluded  that  the  activity  of  pressoreceptors  in  the  pulmonary  vas¬ 
cular  bed  is  small  but  definite  and  that  the  activity  of  the  venous 
pressorecptors  is  much  more  readily  elicited.  They  later  stated, 
however,  that  their  method  inevitably  led  to  distension  of  the  left 
auricle  and,  therefore,  are  not  entirely  certain  whether  the  reflex  was 
from  the  left  auricle,  the  pulmonary  veins,  or  both. 

It  should  be  mentioned  that  any  hemodynamic  alterations  which  might 
be  produced  during  such  a  perfusion  experiment  by  way  of  the  bronchial 
collateral  circulation  was  shown  by  Berry,  Brailsford  and  Daly^O  in  1931 
to  be  very  small.  Perfusion  of  the  lungs  of  dogs  at  very  high  pressures 
in  the  absence  of  their  nerve  supply  produced  only  a  very  slight  (2  to 
3  mm  Hg)  rise  in  the  systemic  blood  pressure. 

Megibow,  Katz  and  Steinitz  in  19^2  reported  further  evidence 
that  raising  the  pulmonary  arterial  pressure  to  abnormally  high  levels 
produced  an  increase  in  the  respiratory  rate  as  described  previously 
in  a  small  percentage  of  the  cases  by  Daly,  et  al.  Also,  the  observa- 
tion  by  Yeomans,  Porter  and  Swank  (19U3)  c  may  be  mentioned.  They 
found  while  studying  the  effects  of  venous  congestion  by  rapid  saline 
infusion  into  a  peripheral  vein  that  a  marked  increase  in  pulmonary 
venous  pressure  which  resulted  produced  shallow  respirations. 

Heyer,  Holman  and  Shires^  in  19I4.8  attempted  to  elucidate  the 
mechanism  of  this  respiratory  response  of  pulmonary  congestion  by  the 
infusion  of  saline  into  the  left  pulmonary  artery  of  dogs  whose  ipsi- 
lateral  pulmonary  veins  had  been  tied.  They  felt  that  the  response  was 
due  to  the  increased  sensitization  of  the  Hering-Breuer  reflex,  and 
that  it  was  unrelated  to  the  hydrogen  ion  or  carbon  dioxide  concentration. 
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However,  Bulbring  and  Witteridge  (19U3)2^  had  failed  to  show  a  change 
in  recorded  action  potential  activity  initiated  by  the  "inflation 
stretch  receptors"  of  the  Hering-Breuer  reflex  when  an  increase  in 
the  blood  volume  of  the  lungs  was  induced. 

2  3 

Parin  ( 19U3 )  ^  in  Moscow  essentially  repeated  the  work  of  Churchill 
and  Cope  and  Schwiegk  by  infusing  Bayliss’  8  per  cent  gum  acacia  Ringer's 
solution  into  the  cannulated  left  pulmonary  artery  of  cats  after  ligating 
the  pulmonary  veins  on  the  same  side.  He  found  that  a  perfusion  pressure 
of  hS  mm  Hg  or  more  was  sufficient  to  produce  a  drop  in  carotid  artery 
pressure  and  a  bradycardia.  He  observed  this  effect  following  a  latency 
of  2  to  3  seconds  after  the  perfusion  pressure  had  been  elevated  to  the 
appropriate  level.  The  maximum  drop  was  found  to  occur  at  23  to  HO 
seconds  after  starting  the  infusion.  He  made  no  attempt,  however,  to 
measure  the  respiratory  response.  It  is  interesting  that  Parin  was 
apparently  not  aware  of  the  work  of  Churchill  and  Cope  done  in  1929 
and  gave  Schwiegk  the  credit  for  making  the  original  observations  of 
this  phenomenon,  the  latter  work  having  geen  done  in  1935?  in  Germany. 
This  oversight  may  have  been  due  to  the  somewhat  obscure  title  selected 
by  Churchill  and  Cope  for  their  paper  ( "The  Rapid  Shallow  Breathing 
Resulting  from  Pulmonary  Congestion  and  Edema"). 

Aviado,  et  al  (I95l)?2^  reported  a  study  of  the  effects  of  rais¬ 
ing  the  pressure  in  the  pulmonary  vascular  bed  on  the  respiratory  and 
cardiovascular  systems  of  dogs.  They  used  perfusion  techniques  in 
which  blood  was  pumped  from  the  right  auricle  through  the  left  pulmon¬ 
ary  artery  of  the  dog  at  constrolled  pressures.  Their  results  showed 
that  raising  the  perfusion  pressure  in  the  left  pulmonary  artery  alone 
produced  no  effect  on  heart  rate,  blood  pressure  or  respiration.  But 
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that  raising  the  perfusion  pressure  after  first  clamping  the  left  pul¬ 
monary  veins  produced,  a  fall  in  systemic  blood  pressure,  no  change  in 
pulse  rate  and  an  increase  in  respiratory  rate.  This  effect  is  not 
produced  after  the  ipsilateral  vagus  has  been  severed.  1'hey  concluded 
that  the  great  majority  of  the  receptors  responsible  for  this  reflex 
were  probably  located  in  the  pulmonary  veins  because  reverse  perfusion 
with  the  pulmonary  artery  open  gave  the  same  response  as  forward  per¬ 
fusion  with  the  pulmonary  veins  closed.  'They  also  concluded  that  the 
bradycardia  observed  by  Churchill  and  Cope  and  others  was  due  to  the 
stimulation  of  pressorecptors  in  the  region  of  the  bifurcation  of  the 
main  pulmonary  artery  resulting  from  a  rise  in  pressure  in  that  region, 
and  not  due  to  the  same  receptors  located  more  peripherally  in  the 
pulmonary  vascular  bed  which  produced  the  respiratory  and  hypotensive 
responses . 

In  a  recent  review  of  publications  regarding  reflexes  from  stretch 
receptors,  Aviado  and  Schmidt  (1955)^  concluded  that  the  pattern  of 
reflex  action  elicited  by  raising  the  pressure  in  the  pulmonary  vascu¬ 
lar  bed  is  (l)  a  biphasic  respiratory  response,  apnea  followed  by 
tachypnea,  and  (2)  peripheral  vasodilation.  They  also  concluded  that 
bradycardia  was  not  a  part  of  this  reflex,  but  that  it  was  due  to  hyper¬ 
tension  induced  during  the  infusion  in  the  region  of  the  bifurcation  of 
the  main  pulmonary  artery  where  pressoreceptors  were  found  that  produced 
only  bradycardia  when  stimulated. 

Somewhat  more  direct  evidence  for  the  presence  of  pressoreceptors 
in  the  pulmonary  vascular  bed  was  that  of  Pearce  and  Witteridge  (1951)^ 
who  recorded  the  action  potential  activity  of  the  afferent  nerves  from 
these  receptors  from  slips  of  the  cervical  vagus.  They  showed  that 
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raising  the  pressure  in  the  pulmonary  artery  increased  the  rate  of 
action  potential  activity  proportionately,  and  that  lowering  the  pres¬ 
sure  produced  a  reduction  in  the  rate  of  fire.  This  work  was  done  in 
the  cat,  Witteridge^'  had  previously  reported  in  19U8,  recording  in 
a  similar  manner  action  potentials  from  slips  of  the  cervical  vagus 
which  appeared  to  have  their  origin  from  pressoreceptors  in  the  pul¬ 
monary  arterial  bed  and  which  increased  when  the  pulmonary  arterial 
blood  flow  was  increased. 

Hence,  it  appears  that  receptors  sensitive  to  pressure  changes 
may  be  present  on  the  arterial  side  of  the  pulmonary  vascular  bed  as 
well  as  on  the  venous  side. 
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PLAN 

Although  a  rather  extensive  literature  on  the  subject  of  presso¬ 
receptors  in  the  pulmonary  vascular  bed  has  evolved  since  the  work 
of  Ghurchill  and  Cope  in  1929,  it  is  seen  that  there  is  rather  a 
wide  divergence  of  opinion  regarding  the  nature  of  the  reflex  res¬ 
ponse  produced  by  induced  pulmonary  hypertension.  Consequently,  al¬ 
though  the  presence  of  functionally  significant  pressoreceptors  in  the 
pulmonary  vascular  bed  has  been  rather  generally  accepted,  it  was 
felt  that  further  study  of  the  nature  of  the  reflex  response  elicited 
following  their  stimulation  was  warranted. 

In  general,  the  present  approach  to  the  problem  was  to  perfuse 
the  entire  left  lung  of  the  intact  dog  with  normal  saline  at  body 
temperature  under  variable  pressures  and  rates  of  flow  and  to  mea¬ 
sure  (l)  the  perfusion  pressure  and  rate  of  flow,  (2)  the  femoral 
arterial  pressure,  (3)  the  pulse  rate,  (U)  the  main  pulmonary  ar¬ 
terial  pressure,  and  (5)  the  intrapleural  pressure  (respiratory 
rate  and  depth) .  For  this  reason  an  apparatus  was  constructed  by 
means  of  which  the  infusion  pressure  and  rate  of  flow  could  be  regu¬ 
lated.  In  order  that  the  experiment  might  be  performed  on  an  intact 
animal,  it  was  necessary  to  construct  various  cannulae  so  that  the 
necessary  manipulations  could  be  performed  on  the  close-chested  pre¬ 
paration.  Consequently,  into  each  animal  was  placed  (l)  an  infusion 
cannula  into  the  left  pulmonary  artery,  (2)  a  guide  cannula  sutured 
to  the  main  pulmonary  artery  through  which  a  19  gauge  L.P.  needle 
could  be  passed  for  the  purpose  of  measuring  the  main  pulmonary  arterial 
pressure,  and  (3)  two  specially  designed  snares  for  the  pulmonary 
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veins,  one  for  the  upper  and  middle  lobe  veins  and  one  for  the  lower 
lobe  veins,  by  means  of  which  the  venous  return  of  the  left  lung 
could  be  occluded  or  opened  at  will  from  the  exterior  of  the  animal. 
The  effects  of  pulmonary  hypertension  induced  by  rapid  saline  infusion 
on  the  animals  prepared  in  this  manner  were  recorded  by  means  of  a 
Hathaway  multichannel  electronic  recorder. 

The  animals  were  divided  into  two  groups,  a  chronic  group  and 
an  acute  group.  In  the  former  the  animals  were  prepared  surgically 
under  the  usual  aseptic  conditions  ten  to  fourteen  days  prior  to  the 
experiment.  Fourteen  animals  were  prepared  in  this  group  of  which 
five  could  not  be  used  for  various  technical  reasons,  bight  animals 
were  prepared  for  acute  experiments.  In  this  latter  group  one  could 
not  be  used  because  of  death  immediately  following  the  the  surgical 
preparation.  It  is  important  to  note  that  in  the  acute  as  well  as 
the  chronic  group  the  chest  was  carefully  closed  and  the  animal 
allowed  to  breathe  room  air  entirely  at  his  own  volition.  It  would 
appear,  therefore,  that  the  two  groups  are  comarable  in  this  respect 
in  terms  of  responses  obtained. 
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MATE  RIALS  AND  METHODS 

Carmulae  and  Snares 

All  of  the  cannulae  and  snares  were  constructed  of  the  relatively 
inert  plastic,  polyethylene ,  from  various  sized  of  polyethylene  tubing 
as  supplied  by  the  Olay -Adams  Company  of  New  York. 

A.  The  infusion  cannula: 

The  infusion  cannula  was  constructed  from  P.E.  330  tubing  with 
an  internal  diameter  of  .115  inches  and  an  outside  diameter  of.lU7 
inches.  It  was  made  in  such  a  fashion  that  it  had  a  bulge  of  somewhat 
greater  diameter  near  the  orifice.  It  was  constructed  in  this  way  so 
that  it  would  fit  snugly  in  the  vessel  and  not  be  able  to  slip  out 
through  the  incision  in  the  wall  of  the  vessel  through  which  it 
entered.  For  better  anatomical  placement,  a  bend  of  about  30°  was 
made  in  the  cannula  at  the  point  of  egress  through  the  vessel  wall, 
this  being  1.5  cm  from  the  orifice. 

B.  The  guide  cannula: 

The  guide  cannula  was  patterned  after  the  suggestion  of  Harrison 
and  Lie bow. 3®  It  was  constructed  of  P.E.  330  tubing.  A  foot  plate 
was  made  by  heating  the  end  in  a  low  flame  and  pressing  it  against  a 
flat  glass  surface.  A  thin  membrane  of  polyethylene  was  affixed  to 
the  plate  with  a  hot  instrument,  thus  sealing  the  end  of  the  tube. 
Several  holes  were  then  punctured  about  the  rim  of  the  plate  with  a 
hot  needle  to  facilitate  suturing  the  cannula  to  the  vessel.  The  seal¬ 
ing  membrane  permitted  the  introduction  of  a  needle  from  the  exterior 
without  the  danger  of  pneumothorax  or  hemorrhage  in  the  acute  experi¬ 
ments.  In  the  chronic  experiments  it  was  useful  in  gauging  the  position 
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of  the  vessel  wall  so  that  the  needle  could  be  introduced  to  the  proper 
depth. 

C.  The  snare: 

The  snare  consisted  of  a  piece  of  P.E.  330  polyethylene  tubing 
which  had  been  rendered  slightly  funnel-shaped  at  one  end  by  heating 
over  a  low  flame.  Through  this  funnel  were  passed  the  two  ends  of  a 
length  of  P.E.  60  polyethylene  tubing  to  form  the  loop  of  a  snare.  A 
disc  was  then  affixed  to  the  outer  tube,  as  illustrated  in  figure  1, 
which  had  been  perforated  about  its  circumference  for  the  purpose  of 
suturing  to  the  pericardial  sac  as  described  in  the  operative  procedure. 

Ve rat ri dine 

Veratridine,  a  member  of  the  veratrum  alkaloid  group,  known  to 
stimulate  certain  receptors  in  the  cardiovascular  system  as  demon¬ 
strated  by  many  workers, 31>32,33j34j35*3°  was  useh  to  ascertain  whether 
denervation  of  the  pulmonary  vascular  bed  had  occurred  accidentally 
during  surgical  manipulations  in  the  region  of  the  hilar  plexus  of 
nerves.  This  compound  was  shown  by  Heymans  and  de  Vleeschlouwer  (1950)-^ 
and  by  Dawes,  Mott  and  Widdi combe  (1951)^  to  produce  the  sudden  onset 
of  apnea,  bradycardia  and  hypotension,  this  being  a  reflex  response 
dependent  upon  the  integrity  of  the  vagi.  Aviado  (19U9)-^  showed  that 
injection  of  the  substance  into  the  pulmonary  artery  produced  immediate 
apnea,  the  bradycardia  and  hypotension  not  occurring  until  about  6 
seconds  after  the  injection.  He  concluded  that  the  apnea  was  due  to 
the  stimulation  of  receptors  present  in  the  pulmonary  vascular  bed. 

This  latter  fact  was  used  as  a  method  of  demonstrating  the  probable 
presence  of  intact  pathways  over  which  a  reflex  response  could  be 
mediated.  And,  therefore,  any  failure  of  response  would  not  be  on  the 
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basis  of  accidental  denervation  during  the  surgical  procedure.  For 
this  purpose  10  micrograms  per  Kg  of  veratridine  were  injected  into 
the  left  pulmonary  artery  after  closing  the  snares  and  occluding  the 
venous  return  from  the  lung  (with  the  exception  of  the  bronchial  veins). 

Saline  Perfussant 

Saline  was  used  for  the  perfusions  in  all  instances.  It  was  warmed 
to  37°  C  and  kept  at  this  temperature  by  immersing  the  reservoir  in  a 
constant  temperature  bath.  This  material  was  used  not  only  because  of 
its  ready  availability  and  convenience,  but  also  because  of  the  possi¬ 
bility  that  anti coagulated  or  defibrinated  whole  blood  might  produce  a 
bradycardia  by  stimulation  of  chemo receptors  within  the  pulmonary  vas¬ 
cular  bed.  Brodie  (1900)-^  showed  that  the  injection  of  serum  from  any 
animal  into  the  external  jugular  vein  produces  immediate  and  marked  in¬ 
hibition  of  the  heart  with  a  fall  of  blood  pressure  and  a  simultaneous 
apnea.  This  attack  is  terminated  by  severing  the  vagi.  However,  he 
was  able  to  produce  this  effect  only  in  the  cat  and  not  in  the  dog  or 
rabbit.  Dawes  (19U9)^  showed  that  the  injection  of  as  little  as  0.05 
ml  of  serum  into  the  right  heart  of  the  cat  produced  this  response,  A 
much  smaller  response  was  elicited  when  the  serum  was  introduced  into 
the  left  heart.  He  concluded  that  the  reflex  was  due  primarily  to  chemo- 
receptors  in  the  pulmonary  vascular  bed.  Consequently,  it  was  thought 
advisable  to  avoid  introducing  protein-containing  material  with  the  per- 
fusant  even  though  this  effect  has  not  been  demonstrated  as  yet  in  the 
dog. 

Animals 


Mongrel  dogs  of  both  sexes  weighing  from  12  to  22  kg  were  used  for 


.  *>i  :  ,  •:  :  . 

'  SOr'  •  V  yv;,  y  ..c  :  ..■■siyc; r  v.  '  r-sc  .’V  :  n# 

■<  ■  1:  :.o  '  "  r-  '■'/>'  /:  v;  no-' \  \  ,L:  l  .-rivi 

.  v'  ■)  .  ... 

.-  X  X.i.  : 

"  vy.y  :  V'  1  :  J  s,i:  :•  •>.)  n  ■:  ,*  s.;J  let . 

) 

.  ■  .  :  :  :  ■  •  ,  ■  ..  n^+.V  OX 

!):■■■  ,  ■  -,c  l< ■■■■;■?•.  '  i  0  V;,c;  1'. •  x  -  o.\;. 

i  .  ••■■v  ’  ?  ■■■.:  .7:  .  \r,v.l .  '  ~  ■} : 

V'  -■  J.:'  ■  ,  '.  •  ;  ■'  ..  ' 

'  x  .  ‘  '  '  .  j-  v' .  i  XV  '  r 

-  '  •  f  •  •  «  I  i  .  '  tjim&J  Iff#  Outfit  J  X 

C-  '  V.  J  Li  V.WO'  IvojV  '  .  77:'.  ., '  h  .  d  :..c,  71 

<  -  . 

'  mofd  ortq  o#  oldfi  ejaw 

.  '  ■.  V 

V:.C  •  '■  -  D  .  V.V  OX."  .  .! 

isi'lsf  ssw  s&noqs&r  neJ  tfc 

.  . v.  .  7  .  17 

. 

S'  ‘  -7  r.  1  •  ';/•  n.  j1  ••  v.7  \  -  ■  ri  VXCVf  c ,  vi  vrvvx 

s;.v,  c  .’i  v ■  cxy  v.  •  K"J  1o /■'  CSX  7  77  a ixi s'  ;i»vy  .tnenirl 


•  '  2  •  v  7  rfiocf 


-1U- 


the  experiments.  Animals  showing  evidence  of  illness  or  pregnancy 
were  not  considered  suitable. 
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Fig.  1.  Infusion  cannula,  Guide  cannula  and  Snares. 
It  is  to  be  noted  that  two  snares  were  used  in  each 
preparation,  one  for  the  upper  and  middle  lobe  veins 
and  one  for  the  lower  lobe  vein  of  the  left  lung. 
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INFUSION  APPARATUS 

The  infusion  apparatus  consisted  of  a  calibrated  resevoir  of  in¬ 
fusion  fluid  (saline)  placed  in  a  constant  temperature  bath,  two  mer¬ 
cury  manometers,  and  the  necessary  tubing.  Air  under  pressure  was  in¬ 
troduced  into  the  top  of  the  infusion  reservoir  and  allowed  to  escape 
by  way  of  an  exhaust  line  also  leading  from  the  top  of  the  reservoir. 
Hence,  the  pressure  within  the  reservoir  could  be  regulated  by  changing 
the  resistance  to  egress  of  the  air  through  the  exhaust  line,  using  a 
screw  clamp  for  this  purpose,  i'he  pressure  within  the  reservoir  was 
measured  with  a  mercury  manometer  appropriately  placed  in  the  system. 

A  second  manometer  was  placed  in  the  system  between  the  reservoir  and 
the  infusion  cannula  in  order  to  estimate  the  amount  of  pressure  in  the 
pulmonary  vascular  bed  at  the  time  of  the  infusion.  %Ls  latter  mano¬ 
meter  was  only  for  the  purpose  of  convenience  during  the  experiment, 
the  actual  pressure  in  the  left  pulmonary  artery  being  accurately  re¬ 
corded  by  way  of  a  cannula  placed  directly  within  the  infused  vessel. 

At  the  end  of  the  infusion  tubing  was  placed  a  glass  "Y11 ,  one  arm  of 
which  was  attached  to  the  infusion  tubing.  The  base  of  the  "I"  was 
attached  to  the  infusion  cannula.  The  other  arm  of  the  " Y11  was  sealed 
by  a  rubber  diaphragm.  A  number  15  needle  was  used  to  perforate  the 
diaphragm,  and  through  the  latter  beyond  its  distal  orifice  for  about 
1  cm.  into  the  left  pulmonary  artery.  When  the  needle  was  removed  from 
the  diaphragm  a  watertight  seal  was  left  around  the  P.E.  90  cannula. 

This  cannula  so  placed  was  used  to  measure  the  induced  pressure  in  the 
left  pulmonary  vascular  bed. 

Utilizing  the  apparatus  described  above,  it  was  possible  to  infuse 
saline  at  37°  0  under  controlled  conditions  of  pressure  and  rate  of  flow. 
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The  flow  rate  was  found  to  be  accurate  within  3  to  5  per  cent  as  de¬ 
termined  by  repeated  infusions  through  the  apparatus  of  100  cc  units 
at  pressures  ranging  from  100  to  200  mm  Hg  in  the  saline  reservoir.  By 
measuring  the  actual  volume  ejected  from  the  orifice  of  the  cannula  in 
a  graduated  cylinder,  the  graduations  on  the  reservoir  were  accurately 
calibrated.  During  an  infusion,  the  time  required  for  100  cc  to  flow 
from  the  apparatus  was  recorded  by  the  time  lines  of  the  Hathaway  re¬ 
corder  which  are  accurate  to  0.1  second. 
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CALCULATION  OF  PERFUSION  PRESSURES 


In  those  instances  where  the  perfusion  pressure  could  not  be  re¬ 
corded  for  technical  reasons,  the  pressure  was  determined  mathemati¬ 


cally.  The  calculations  were  based  on  the  formula 

-  P1  ~  p? 

F 


R 


or  expressed  differently 


P2  -  Px  -  RF 


where  P2  is  the  pressure  at  the  orifice  of  the  infusion  cannula;  Pp 
is  the  pressure  in  the  saline  reservoir;  F  is  the  measured  rate  of  flow 
of  the  saline  through  the  infusion  apparatus;  and  R  is  the  resistance 
to  flow  through  the  infusion  apparatus  for  that  rate  of  flow  that  oc¬ 
curs  during  the  infusion,  as  determined  by  measuring  the  flow  through 
the  apparatus  at  different  reservoir  pressures  when  the  pressure  at  the 
orifice  of  the  cannula  is  zero  (atmospheric).  A  graph  expressing  the 
resistance  to  flow  through  the  apparatus  in  relation  to  the  rate  of 
flow  was  constructed  utilizing  the  first  formula  above  when  the  pres¬ 
sure  at  the  orifice  of  the  cannula  was  zero.  From  this  graph  could  be 
read  the  R  for  that  rate  of  flow  that  occurred  during  an  infusion 
which  may  then  be  used  as  the  R  in  the  second  formula  in  order  to 
calculate  the  Pp  or  pressure  at  the  orifice  of  the  infusion  cannula. 

Inspection  of  the  data  shows  that  where  comparison  of  the  recorded 
and  calculated  perfusion  pressures  is  possible  that  the  figures  were 
in  agreement  generally,  differing  from  0  to  9  mm  Hg  with  one  exception 
in  which  the  difference  was  23  mm  Hg. 
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SURGICAL  PREPARATION  -  CHRONIC  GROUP 

The  animals  were  not  fed  for  18  hours  prior  to  surgery  to  obviate 
the  danger  of  aspiration  pneumonitis.  On  the  morning  of  the  operation 
those  in  the  chronic  group  were  given  an  injection  of  600,000  units  of 
penicillin  and  1  gm  of  streptomycin  intramuscularly.  The  animals  were 
anaesthetized  with  Na  pentobarbital/30  mg  per  kilogram.  The  chest  was 
prepared  by  shaving  and  cleansing  with  green  soap  and  zepharin  solution. 
The  animals  was  then  draped  in  the  usual  fashion  for  a  sterile  operative 
procedure.  An  incision  was  made  midsternally  the  entire  length  of  the 
sternum  and  carried  down  to  the  periosteum.  At  this  time  the  animal  was 
placed  on  a  positive  pressure  oxygen  respirator,  an  endotracheal  cathe¬ 
ter  with  an  inflatable  bag  to  insure  a  snug  fit  having  been  previously 
introduced  for  this  purpose.  The  sternum  was" split  its  entire  length 
by  means  of  an  electrically  powered  rotary  saw.  The  chest  was  thus 
opened  widely  and  excellent  exposure  of  its  contents  obtained.  The 
pericardial  sac  was  opened  longitudinally  and  the  left  pulmonary  artery 
identified.  An  F-silk  suture  and  an  elastic  band  of  suitable  size  were 
passed  around  the  left  pulmonary  artery  in  the  region  of  the  bifurcation 
of  the  main  pulmonary  artery.  l‘he  elastic  band  was  used  for  temporary 
occlusion  of  the  left  pulmonary  artery  and  the  F-silk  for  a  safety  de¬ 
vice  should  the  elastic  band  give  way  or  function  improperly.  i'he  hilar 
plexus  of  nerves  was  reflected  in  a  sheet  of  connective  tissue  laterally 
as  far  as  possible  without  damaging  the  nerves.  The  portion  of  the  pul¬ 
monary  artery  just  after  its  exodus  from  the  pericardial  sac  was  exposed. 
Four  fine  arterial  sutures  xjere  placed  on  the  wall  of  the  vessel  in  the 
pattern  of  a  square  of  3  to  k  millimeters  on  a  side.  An  incision  was 
made  within  the  area  circumscribed  by  the  square  parallel  to  the  long 
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axis  of  the  vessel  through  its  wall  with  a  #1 5  knife  blade.  The  infusion 
cannula  introduced  through  this  incision  with  its  orifice  pointing  dis- 
tally  and  the  vessel  wall  closed  by  tying  the  previously  placed  sutures. 
The  elastic  band  was  then  removed  and,  if  no  bleeding  occurred,  the  F- 
silk  also.  Following  introduction  of  the  infusion  cannula  polyethylene 
plastic  needle  guide  cannula  as  described  was  sutured  to  the  surface 
of  the  main  pulmonary  artery.  The  pericardial  sac  was  loosely  closed 
with  A-silk.  The  lung  was  retracted  laterally  and  the  hilar  portions 
of  all  the  pulmonary  veins  of  the  left  lung  identified  and  dissected 
free  from  the  surrounding  connective  tissue.  -L'he  inner  portion  of 
each  of  the  venous  snares  was  passed  around  these  vessels,  one  around 
the  upper  and  middle  lobe  veins  and  one  around  the  lower  lobe  veins. 

The  barrels  of  the  snares  were  placed  in  position  and  sutured  to  the 
pericardial  sac  in  order  to  maintain  them  in  this  position.  ihe  op¬ 
posite  ends  of  the  infusion  cannula,  guide  cannula,  and  venous  snares 
were  brought  through  the  second,  third,  fourth,  and  fifth  intercostal 
spaces,  respectively,  to  a  subcutaneous  position  where  they  were  secured. 
Two  million  units  of  crystalline  penicillin  in  10  cc  of  saline  was 
sprayed  about  the  chest  cavity  and  the  chest  closed  with  wire  and 
silk. 

The  animals  were  kept  on  intramuscular  injections  of  200,000  units 
of  penicillin  and  1  gram  of  streptomycin  daily  for  five  days.  There 
were  no  deaths  from  sepsis  or  pneumonitis.  The  skin  stitches  were  re¬ 
moved  after  seven  or  eight  days. 

SURGICAL  PREPARATION  -  ACUTE  GROUP 

In  animals  prepared  for  the  acute  group  of  experiments,  no  sterile 
precautions  were  used  or  antibiotics  given.  After  closure  of  the  chest. 
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all  incised  areas  in  the  skin  were  sealed  with  collodion,  i’he  animals 
were  taken  off  the  oxygen  respirator  but  the  endotracheal  tube  was  left 
in  place  in  case  of  an  emergency.  Otherwise,  the  preparation  was  es¬ 
sentially  the  same  as  for  the  chronic  group. 

COMMENTS  ON  PREPARATION  OF  ANIMALS 

The  reason  for  using  snares  for  occluding  the  pulmonary  veins 
rather  then  simply  ligating  them  was  so  that  it  would  be  possible  to 
perfuse  the  lung  with  the  veins  open  first,  and  then  with  the  veins 
occluded  without  necessitating  opening  the  chest  cavity. 

EXPERIMENTAL  PROCEDURE 

The  animals  were  anaesthetized  very  lightly  with  Na  thiopental 
intravenously  and  titrated  in  such  a  way  that  they  maintained  an  active 
eyelid  reflex.  An  incision  was  made  in  the  skin  overlying  the  ends  of 
the  cannulae  and  the  latter  exposed.  A  #19  L.P.  needle  was  passed 
through  the  guide  cannula  into  the  main  pulmonary  artery,  ■‘■'he  infusion 
apparatus  was  attached  to  the  left  pulmonary  artery  cannula,  '^'he  left 
femoraL  vessels  were  cannulated,  the  femoral  artery  being  used  for  re¬ 
cording  systemic  pressure  changes  and  the  femoral  vein  for  infusion 
of  the  anaesthetic.  A  P.E.  90  cannula  was  inserted  through  the  right 
chest  wall  through  a  #l5  needle  for  recording  intrapleural  pressure 
changes.  The  left  pulmonary  artery  infusion  pressure  was  recorded  by 
passing  a  P.E.  90  cannula  into  the  left  pulmonary  artery  through  the  lu 
men  of  the  infusion  cannula.  The  various  cannulae  were  then  attached 
to  blood  pressure  capsules  of  a  Hathaway  multichannel  electronic  record 
er;  and  the  left  pulmonary  artery  infusion  pressure,  the  systemic  blood 
pressure,  the  heart  rate,  the  main  pulmonary  artery  pressure  and  the 
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intrapleura.1  pressure  were  all  measured  simultaneously.  It  is  to  be 
observed  that  the  animal  was  breathing  atmospheric  air  spontaneously 
and  was  otherwise  an  essentially  intact,  normal  dog,  with  the  exception 
of  having  only  one  lung  (the  right)  available  for  respiratory  exchange. 

The  animals  were  not  heparinized  systemically,  but  heparin  was 
used  in  the  various  cannulae  to  keep  them  free  of  clot. 

The  animals  were  thus  set  up  for  recording  the  effects  of  raising 
the  pressure  in  the  pulmonary  vascular  bed  from  zero  to  hypertensive 
levels.  i'he  following  experiment  was  performed  and  recorded: - 

1.  Base  lines  were  obtained. 

2.  The  Hathaway  machine  was  standardized. 

3.  100  cc  of  normal  saline  at  37°  C  was  introduced  into  the  left 
pulmonary  artery  at  a  pressure  of  200  mm  Hg  in  the  saline  re¬ 
servoir. 

U.  The  pulmonary  veins  of  the  left  lung  were  occluded  by  pulling 
up  the  snares. 

5.  100  cc  saline  at  200  mm  Hg,  as  above. 

6.  100  cc  saline  at  160  mm  Hg,  as  above. 

7.  100  cc  saline  at  100  mm  Hg,  as  above. 

8.  Right  vagosympathetic  nerve  severed  in  the  cervical  region. 

9.  100  cc  saline  at  200  mm  Hg,  as  above. 

10.  100  micrograms  per  kilogram  body  weight  of  Veratridine  intro¬ 

duced  into  the  left  pulmonary  .artery. 

11.  Left  vagosympathetic  nerve  severed  in  the  cervical  region. 

12.  100  cc  saline  at  200  mm  Hg  introduced,  as  above. 

13.  Veratridine,  10  micrograms  per  Kg  introduced  as  above. 

111.  Machine  recalibrated. 
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15.  Animal  sacrificed. 

It  should  be  mentioned  that  after  each  infusion  the  pulmonary  vein 
snares  were  opened  in  order  to  prevent  the  development  of  pulmonary 
edema  from  loading  the  pulmonary  vascular  bed  with  several  hundred  cubic 
cm  of  saline.  Ample  time  was  allowed  following  reclosure  for  equili¬ 
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RESULTS 

Twenty-two  animals  were  prepared  as  described.  Of  these,  five 
died  of  various  causes  prior  to  the  recording.  In  the  first  six  of 
the  recorded  series,  no  response  was  obtained  because  of  the  very 
small  rate  of  perfusion  obtained  (less  than  0.5  cc  per  second)  through 
the  small  cannula  of  P.  E.  205  utilized  in  the  first  eight  dogs  of  the 
series.  In  two  of  the  animals  prepared  with  the  larger  cannulae,  the 
cannulae  were  found  at  post  mortem  to  have  slipped  out  of  position, 
one  into  the  left  lower  lobe  and  one  into  the  lingular  lobe.  No  re¬ 
sponse  was  observed  when  these  animals  were  perfused. 

Twenty-nine  observations  were  recorded  on  the  nine  remaining  dogs 
in  the  manner  described  above,  which  demonstrated  the  response  to 
acute  pulmonary  hypertension.  Fourteen  responses  occurred  in  the  four 
chronic  dogs  and  fifteen  responses  in  the  five  acute  experiments.  In 
the  first  two  dogs  of  the  chronic  group  the  smaller  cannulae  were  used 
(constructed  of  P.  E.  205  with  an  internal  diameter  of  0.062  inches) 
and  the  infusion  pressure  was  not  recorded.  However,  when  adequate 
flow  was  obtained  by  using  very  high  pressures  in  the  infusion  reser¬ 
voir  an  excellent  response  occurred.  In  all  of  the  chronic  animals 
that  had  the  infusion  cannula  in  their  left  pulmonary  artery  for  ten 
to  fourteen  days,  clotting  occurred  in  the  region  of  the  orifice  of 
the  cannula  to  a  variable  extent.  This  was  cleared  as  much  as  possible 
by  aspiration,  utilizing  a  cannula  passed  through  the  infusion  cannula. 
However,  there  was  always  some  clot  left  in  the  vessel  which  narrowed 
its  lumen  at  a  point  slightly  distal  to  the  orifice  of  the  infusion 
cannula.  This  obstruction  resulted  in  an  unusually  high  perfusion 
pressure  just  proximal  to  the  clot  where  it  was  being  recorded  and 
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means  that  the  remainder  of  the  vascular  bed  was  being  perfused  at  a 
much  lower  pressure,  relative  to  this  proximal  segment.  This  interpre¬ 
tation  is  borne  out  when  one  compares  the  pressures  required  tc  produce 
comparable  responses  in  the  chronic  and  the  acute  groups,  f’or  example, 
in  dog  of  the  chronic  group,  a  pressure  of  about  135  mm  Hg  pro¬ 

duced  a  drop  of  37  mm  Hg  in  systemic  pressure,  whereas  in  dog  #7-0  of 
the  acute  group,  the  same  degree  of  hypotension  resulted  from  a  pres¬ 
sure  of  only  U2  mm  Hg  in  the  left  pulmonary  artery.  Also,  evidence 
for  increased  resistance  to  flow  is  suggested  in  comparing  dog  #UUU 
of  the  chronic  group  in  which  a  left  pulmonary  artery  pressure  of  cO 
mm  Hg  produced  a  flow  of  only  0.9  cc  per  second,  while  a  comparable 
pressure  of  86  mm  Hg  in  dog  #5-0  of  the  acute  group  resulted  in  a  flow 
of  3.8  cc  per  second. 

It  is  to  be  noted  that  in  none  of  the  animals  of  either  group 
was  a  response  observed  when  perfused  with  the  venous  snares  open  and 
the  venous  return  of  the  perfused  lung  unobstructed. 

Effects  on  Systemic  Blood  Pressure 

A  drop  in  mean  blood  pressure  as  measured  in  the  femoral  artery 
of  from  8  to  38  mm  Hg  occurred  in  all  but  one  animal  (#6-0)  in  which, 
however,  the  remainder  of  the  reflex  was  elicited.  This  may  be  ex¬ 
plained  by  the  fact  that  the  perfusion  pressure  did  not  rise  above 
36  mm  Hg,  which  appears  to  be  below  the  threshold  required  to  elicit 
this  response.  There  was,  however,  in  this  animal,  a  30  mm  Hg  drop 
in  diastolic  pressure  which  was  compensated  for  by  a  60  mm  Kg  rise  in 
the  pulse  pressure,  suggesting  that  there  may  in  fact  have  been  some 
peripheral  vasodilatation.  This  widening  of  the  pulse  pressure  during 
the  response  was  characteristic  in  all  animals.  Therefore,  the  drop  in 
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diastolic  pressure  was  in  all  instances  greater  than  the  drop  in  mean 
pressure  because  of  the  partial  compensation  by  the  increased  pulse 
pressure . 

In  dog  of  the  chronic  group  where  a  long  series  of  perfusions 

at  various  pressures  was  possible,  there  was  an  average  drop  of  1  mm 
Hg  of  systemic  pressure  for  each  2,h  mm  Kg  rise  in  perfusion  pressure 
with  a  range  of  1:2.2  to  1:2.5.  In  dog  #8-0  of  the  acute  group  in 
which  a  long  series  was  also  obtained,  there  was  a  1  mm  Hg  drop  for 
each  2.6  mm  Hg  rise  in  perfusion  pressure  with  a  range  of  1:2. U  to 
1:3.1.  In  dog  #7-0  this  figure  was  a  2.1  mm  Hg  rise  in  the  perfusion 
pressure  producing  a  1  mm  Hg  drop  in  the  mean  systemic  pressure  with  a 
range  of  1:1.1  to  1:3.0.  Hence,  the  average  for  the  acute  group  cor¬ 
relates  well  with  the  chronic  group,  there  being  a  2.U  mm  Hg  rise  re¬ 
quired  for  each  1  mm  Hg  drop  in  systemic  pressure. 

It  was  observed  that,  after  several  perfusions  in  the  same  animal, 
the  response  to  the  same  perfusion  pressure  was  somewhat  diminished. 
This  characteristic  was  also  noted  by  Parin  ( 19U3 ) 

The  drop  in  systemic  pressure  occurred  simultaneously  with  the 
bradycardia  and  respiratory  response  six  to  seven  seconds  after  the 
infusion  had  been  started.  The  maximal  pressure  drop  usually  occurred 
between  15  and  30  seconds  after  starting  the  infusion.  In  most  in¬ 
stances  there  appeared  to  be  a  tendency  for  the  pressure  to  return  to 
normotensive  levels  while  the  perfusion  pressure  was  still  elevated. 

The  systemic  pressure  returned  to  normotensive  levels  in  all  cases  in 
one  to  five  minutes  after  lowering  the  perfusion  pressure. 

Effects  on  the  Heart  Rate 


In  27  of  the  29  observations,  a  cardiac  slowing  of  from  5  to  90 
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beats  per  minute  occurred  simultaneously  with  the  other  effects.  In 
one  of  the  cases  where  bradycardia  did  not  occur  the  animal  had  had 
several  previous  infusions  in  rapid  succession,  and  one  would  expect 
a  diminution  in  the  response  for  this  reason,  ^'he  other  failure  was 
in  an  animal  who  showed  only  minimal  response  in  the  other  portions 
of  the  reflex.  i'his  may  have  been  on  the  basis  of  damage  to  the  hilar 
plexus  of  nerves  during  the  preparation  of  the  animal. 

There  appeared  to  be  some  relationship  between  the  reduction  in 
heart  rate  and  the  perfusion  pressure.  However,  this  relationship 
seems  to  hold  for  only  the  first  three  or  four  perfusions.  Calcula¬ 
tions  show  that,  very  roughly,  there  is  a  slowing  of  the  heart  of 
about  1  beat  per  minute  for  every  2  mm  Hg  rise  in  perfusion  pressure. 

As  was  mentioned  above,  the  bradycardia  is  usually  accompanied 
by  a  considerable  increase  in  the  pulse  pressure. 

In  all  instances  severing  the  right  vagus  had  little  or  no  effect 
on  the  response.  However,  after  severing  the  left  cervical  vagosym¬ 
pathetic  there  was  no  change  in  heart  rate,  blood  pressure  or  respira¬ 
tions  when  the  perfusion  pressure  was  again  raised. 

Effects  on  Respiration 

The  effects  on  respiration  generally  consisted  of  depression,  a 
period  of  apnea  or  bradypnea,  lasting  for  ten  to  twenty  seconds  and 
followed  by  a  resumption  of  normal  respirations.  This  effect  was  char¬ 
acteristic  of  all  of  the  animals  in  the  chronic  group.  However,  three 
of  the  five  animals  in  the  acute  group  manifested  rapid,  shallow  breath¬ 
ing  rather  than  depression.  The  onset  of  both  responses  occurred  6  to 
7  seconds  after  the  infusion  pressure  had  been  raised.  The  degree  of 
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respiratory  depression  or  stimulation  seems  to  have  some  correlation 
with  the  perfusion  pressure,  the  amount  of  depression  or  stimulation 
being  greater  with  greater  perfusion  pressures. 

Main  Pulmonary  Artery  Pressures 

As  noted,  the  main  pulmonary  artery  pressure  was  measured  in  the 
region  of  its  bifurcation,  during  the  infusion  the  pressure  in  this 
vessel  never  increased  more  than  3  mm  Hg,  and  frequently  fell  during 
the  response  period. 

Post-mortem  Examination 

In  all  instances  the  animals  were  examined  after  sacrifice  to  be 
certain  that  all  cannulae  and  snares  were  functioning  properly.  This 
proved  to  be  the  case  in  all  but  two  of  the  animals  examined  as  had 
been  previously  mentioned. 

It  is  of  interest  that  grossly  obvious  pulmonary  edema  occurred 
in  one  or  more  lobes  of  all  of  the  animals  of  the  chronic  group.  In 
one  case  (dog  #bhS) ,  all  lobes  of  both  lungs  were  filled  with  edema 
fluid,  as  was  the  trachea.  However,  edema  which  was  grossly  observable 
occurred  in  only  one  of  the  acute  group  (dog  #U- 0). 
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fusion  pressure).  Time  lines  in  0.1  seconds.  Minimal  fluctuation  of  systemic  blood 
pressure  and  no  change  in  heart  rate  are  observed  after  rapidly  raising  the  pressure 
in  the  left  P.A.  from  0  to  116  mm  Hg.  There  is  no  change  in  respiratory  rate,  the 
diminution  of  depth  probably  being  due  to  the  volume  of  fluid  introduced.  The  main 
P.A.  pressure  is  seen  to  rise  only  slightly. 
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Fig.  6.  Continuation  of  figure  5.  About  O.U  seconds  of  recording  between  the  two  figures  not 
included.  It  is  seen  that  there  is  "vagal  escape"  to  some  extent  in  that  the  systemic  pressure 
the  heart  rate  and  the  respirations  begin  to  return  to  the  pre-infusion  state  while  the  pres¬ 
sure  in  the  left  P.A.  is  still  elevated. 
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Fig.  8.  Dog  #)|)|)|.  Infusion  of  100  cc  saline  after  ipsilateral  cervical  vagosynpathectomy. 
Pulmonary  veins  occluded  on  left.  Pf  -  pressure  in  femoral  artery.  Pi  =  intrapleural  pres¬ 
sure.  B  =  base  lines.  Pm  =  pressure  in  main  P.A.  PI  =  pressure  in  left  P.A.  time  in  0.1 
sec.  It  is  seen  that  raising  the  pressure  in  the  left  P.A.  to  120  mm  Hg  produces  no  effect 
on  the  systemic  blood  pressure,  heart  rate  or  respiration  following  denervation. 
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Fig.  9.  Aog  yhhh.  Introduction  of  10  mg/kg  veratridine  into  left  P.A.  after  ipsilateral 
cervical  vago sympathectomy.  Compare  with  Fig.  7.  Pf  =  pressure  in  femoral.  artery.  Pi  = 
intrapleural  pressure.  B  =  base  lines.  Pm  =  pressure  in  main  P.A,  Pi  =  pressure  in  left 
i  .a.  Time  in  0.1  sec.  It  is  seen  that  the  effects  of  veratridine  as  shown  in  Fig.  7  are 
abolished  by  denervation. 
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DISCUSSION 

The  purpose  of  this  investigation  was  to  study  the  effects  of 
acute  hypertension  in  the  pulmonary  vascular  bed  of  the  dog.  The 
observations  in  the  species  were  similar  to  those  of  Churchill  and 
Cope  in  1929  in  the  cat.  These  workers  found  that  acute  pulmonary 
hypertension  elicits  a  response  consisting  of  a  drop  in  systemic  blood 
pressure,  bradycardia,  and  apnea,  followed  by  raid  shallow  breathing. 

It  was  felt  desirable  to  determine  whether  this  response  could  be 
obtained  in  another  species  and,  for  this  reason,  dogs  were  used  in 
the  study.  Saline  was  used  as  the  perfusing  material  because  of  the 
findings  of  Brodie®  and  Dawes  and  Feldberg-^  that  the  introduction  of 
serum  into  the  pulmonary  vascular  bed  would  in  itself  produce  a  re¬ 
sponse  similar  to  that  described  by  Churchill  and  Cope. 

The  results  showed  an  average  of  1  mm  Hg  drop  in  systemic  pres¬ 
sure  for  each  2.U  mm  Hg  elevation  of  perfusion  pressure.  This  compares 
favorably  with  the  findings  of  ^hurchill  and  Cope  who  found  a  1  mm  Hg 
drop  in  systemic  pressure  for  each  2.3  mm  Hg  rise  in  perfusion  pressure 
in  the  cat. 

Bradycardia  was  found  to  be  a  component  of  this  reflex  almost  con¬ 
sistently  (27  out  of  29  observations)  in  contrast  to  Daly,  et  al,^' 
who  found  a  decrease  or  increase  in  heart  rate,  and  to  Aviado^4  who 
found  no  change  in  the  heart  rate.  It  was  the  suggestion  of  Aviado  that 
the  other  workers  who  had  found  bradycardia  as  part  of  the  response  may 
have  been  stimulating  receptors  in  the  region  of  the  bifurcation  of  the 
pulmonary  artery.  For  this  reason  the  infusion  cannula  was  constructed 
in  such  a  way  that  very  little,  if  any,  perfusant  could  pass  in  a  retro¬ 
grade  manner  into  the  main  or  right  pulmonary  artery.  The  pressure 
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recordings  in  the  main  pulmonary  artery  never  showed  a  rise  of  more 
than  3  ram  Hg  and  more  commonly  the  pressure  in  this  vessel  fell  during 
the  infusion.  Therefore,  it  is  concluded  that  bradycardia  is  a  part 
of  the  response  to  hypertension  in  the  peripheral  pulmonary  vascular 
bed,  in  agreement  with  Churchill  and  Cope, 

The  effects  of  the  perfusion  on  the  respirations  of  the  animal 
were  not  so  consistent.  Churchill  and  Cope  found  that  a  period  of 
apnea  followed  by  rapid  shallow  breathing  occurred  in  the  cat.  Aviado 
found  that  the  response  was  characterized  by  an  increase  in  the  respir¬ 
atory  rate  without  a  preceding  period  of  apnea.  In  the  present  study 
it  was  found  that,  in  six  of  the  nine  dogs,  the  response  was  one  of 
depression,  apnea  or  bradypnea,  followed  in  a  few  seconds  after  the 
infusion  had  been  terminated  by  a  resumption  of  the  original  rate, 
or  nearly  so.  The  period  of  apnea  when  it  occurred  lasted  from  10  to 
20  seconds.  In  three  of  the  animals,  however,  the  response  was  that 
of  rapid,  shallow  breathing  during  the  infusion  followed  by  a  resump¬ 
tion  of  the  original  rate.  The  reason  for  this  difference  in  response 
is  not  readily  apparent  from  the  data. 

It  was  observed  that  all  the  components  of  the  reflex  occurred 
simultaneously  6  to  7  seconds  after  starting  the  infusion.  Severing 
the  contralateral  vagosympathetic  nerve  in  the  cervical  region  did  not 
appear  to  inhibit  the  reflex.  However,  severing  the  ipsilateral  nerve 
abolished  the  response  entirely. 

In  accord  with  the  findings  of  Daly,  et  al,-^  a  response  to  the 
high  perfusion  pressure  did  not  occur  when  the  pulmonary  vein  snares 
were  left  open  and  the  venous  return  of  the  lung  unimpeded  with  one 
exception.  This  may  have  been  due  to  impingment  on  the  veins  by  mal- 
placement  of  the  snare. 
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It  is  concluded  that  his  study  confirms  the  original  findings 
of  Churchill  and  Cope  regarding  the  response  of  the  cardiovascular 
system  to  acute  pulmonary  hypertension  both  qualitatively  and  quanti¬ 
tatively.  The  respiratory  response,  however,  though  a  component  of 
this  reflex  response  is  not  as  consistent  and  considerably  more  complex 
than  the  cardiovascular  response.. 

Significance  of  the  Reflex 

An  evaluation  of  the  relative  importance  of  a  particular  reflex 
in  maintaining  the  homeostasis  of  the  "milieu  interne"  of  Claude  Ber¬ 
nard  and  its  relationship  to  the  numerous  other  reflex  mechanisms  which 
are  apparently  of  considerable  import  in  the  economy  of  the  organism 
is  somewhat  tenuous.  An  attempt  at  elucidating  the  integrative  activity 
of  these  various  reflexes  which  have  been  "dissected",  in  a  physiologi¬ 
cal  sense,  from  the  remainder  of  the  homeostatic  mechanisms  also  pre¬ 
sents  difficulties.  However,  a  comparison  of  this  reflex  with  other 
well  established  reflexes  in  the  cardiovascular  system  may  be  attempted. 

It  has  been  well  established  that  a  drop  in  blood  pressure  in  the 
region  of  the  aortic  arch  results  in  an  increase  in  heart  rate  because 
of  reduction  of  vagal  inhibition  on  the  heart.  This  same  response  oc¬ 
curs  when  carotid  sinus  receptors  are  similarly  stimuli ated,  in  addition 
to  compensatory  vasoconstriction.  However,  it  appears  that  under  the 
conditions  of  these  experiments,  the  reflexes  from  the  pulmonary  vascu¬ 
lar  bed  predominated  over  the  former  reflexes,  and  a  bradycardia  and 
hypotension  was  the  net  result  of  the  summation  of  these  forces. 

As  was  mentioned,  Schwiegk  found  that  increasing  the  perfusion 
pressure  in  the  pulmonary  vascular  bed  resulted  in  an  increase  in 
splenic  volume  and  peripheral  vasodilation  in  the  extremities.  The 
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present  study  demonstrated  a  marked  widening  of  the  pulse  pressure, 
also  suggesting  peripheral  vasodilatation.  It  may  be  postulated  that 
the  venous  return  has  been  thereby  diminished.  If  this  is  so,  then 
the  MacDowell  reflex,  which  should  tend  to  produce  vasoconstriction 
in  the  peripheral  vascular  bed  under  circumstances  of  diminished 
venous  return  is  also  subjugated  by  the  reflex  from  the  pulmonary  vas¬ 
cular  bed. 

Hence,  it  appears  that  this  reflex  may  have  considerable  signi¬ 
ficance  under  certain  conditions  where  a  rapid  elevation  of  pressure 
in  the  pulmonary  vascular  bed,  especially  on  the  venous  side,  is  en¬ 
countered. 

This  reflex  may  function  to  protect  the  pulmonary  vascular  bed 
from  engorgment  under  circumstances  in  which  the  left  ventricle  is 
incapable  of  keeping  up  with  the  venous  return.  Under  the  physiolo¬ 
gical  stress  of  exercise,  for  example,  the  venous  return  is  greatly  en¬ 
hanced  by  muscular  contractions.  If  the  left  ventricle  should  become 
temporarily  deficient  in  its  capacity  to  empty  the  pulmonary  vascular 
bed,  the  resultant  rise  in  pressure  in  this  bed  might  then  elicit  the 
reflex.  The  resultant  vasodilatation  with  pooling  of  blood  in  the 
visceral  organs  and  reduction  in  the  circulating  volume  would  in  turn 
reduce  the  venous  return.  A  reduction  of  either  the  rate  or  depth  of 
the  respiratory  excursions  by  counter-balancing  the  hyperpnea  of  exer¬ 
cise  would  reduce  the  pumping  action  of  the  lungs,  and  also  tend  to 
reduce  the  venous  return  which  is  over-loading  the  left  ventricle. 

Any  beneficial  effect  of  the  cardiac  inhibitory  response  is  some¬ 
what  less  evident.  However,  it  may  oe  postulated  that,  in  concord  with 
Starling's  law  of  heart  muscle,  the  efficiency  of  the  ventricular  con¬ 
traction  would  be  increased  by  reducing  the  tachycardia  of  exercise 
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somewhat  and  allowing  greater  diastolic  filling  with  resultant  increase 
in  stroke  volume. 

In  a  system  of  multiple  checks  and  balances  of  the  complexity  en¬ 
countered  in  the  mammalian  organism,  the  precise  manner  in  which  a 
given  reflex  is  integrated  into  the  total  economy  of  the  organism  is 
not  always  entirely  apparent. 

In  considering  certain  pathological  states  in  which  a  rapid  rise 
of  pressure  in  the  pulmonary  vascular  bed  might  be  encountered  as, 
for  instance,  in  left  ventricular  failure  following  acute  myocardial 
infarction,  one  is  also  on  uncertain  ground  because  of  the  multiplicity 
of  factors  involved.  H0wever,  certain  interpretations  may  be  suggested. 

Under  circumstances  of  left  ventricular  failure  with  relatively 
more  efficient  light  ventricular  function,  dyspnea,  characterized  by 
rapid,  shallow  breathing  is  a  frequent  finding.  It  may  be  postulated 
that,  under  these  circumstances,  engorgment  of  the  pulmonary  vascular 
bed  and  a  rise  in  pressure  is  present.  In  three  of  the  five  animals 
of  the  acute  group  perfused  in  this  series,  rapid,  shallow  breathing 
was  encountered.  This  was  the  characteristic  finding  of  Churchill 
and  Cope.  'rhus,  the  possibility  exists  that  the  dyspnea  of  the  left 
heart  failure  is  at  least  partially  on  the  basis  of  this  reflex. 

How  much  of  a  role  the  reflex  might  have  in  the  production  of  the 
hypotension  and  visceral  congestion  so  Commonly  encountered  in  left 
ventricular  failure  is  not  evident.  Also,  the  frequent  finding  of 
tachycardia  in  left  ventricular  failure  of  either  a  hypodynamic  cir¬ 
culation  or  high  output  failure  would  suggest  that  the  net  balance  of 
the  integrated  forces  outweighs  this  tendency  to  cardiac  slowing  in 
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SUMMARY  AND  CONCLUSIONS 


In  this  investigation  an  attempt  was  made  to  determine  the 
qualitative  and  quantitative  nature  of  the  reflex  response  elicited 
by  the  production  of  hypertension  acutely  in  the  pulmonary  vascular 
bed  of  the  dog.  Saline  was  used  for  purposes  of  perfusion.  It  was 
introduced  by  an  apparatus  constructed  in  such  a  way  that  the  per¬ 
fusion  pressure  and  rate  of  flow  could  readily  be  controlled.  By 
utilizing  especially  constructed  cannulae  of  polyethylene,  it  was 
possible  to  perform  all  of  the  experiments  using  animals  with  intact 
chests.  Veratridine  was  used  to  determine  if  damage  to  the  hilar 
plexus  of  nerves  had  occurred  during  the  surgical  placement  of  the 
cannulae  and  snares.  The  data  includes  29  observations  on  nine  dogs 
which  showed  a  definite  reflex  response.  Four  of  these  animals  were 
run  as  chronic  experiments  and  five  as  acute  experiments. 

The  results  showed  that  a  drop  in  blood  pressure  of  1  mm  Hg 
occurred  for  every  2.]+  mm  Hg  rise  in  perfusion  pressure,  a  bradycar¬ 
dia  of  roughly  1  beat  per  minute  for  every  2  mm  Hg  rise  in  pressure, 
and  a  depression  of  respiration  in  six  animals  and  rapid,  shallow 
breathing  in  the  remaining  three. 

Occlusion  of  the  venous  return  of  the  perfused  lung  was  neces¬ 
sary  in  order  to  produce  the  response  in  all  but  one  instance. 

All  three  components  have  their  onset  simultaneously  6  to  7 
seconds  after  starting  the  perfusion.  There  appears  to  be  some  ten¬ 
dency  for  escape  of  the  vagal  inhibition  after  20  to  30  seconds  as 
manifested  by  a  partial  reversion  of  all  components  to  the  original 
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Severing  the  contralateral  cervical  vagosympathetic  appears  to 
have  no  effect  on  the  response.  However,  severing  the  ipsilateral 
nerve  completely  abolishes  all  components  of  the  reflex. 

This  study  confirms  in  the  dog  the  work  of  ^hurchill  and  Cope, 
with  cats,  as  regards  changes  in  heart  rate  and  blood  pressure.  HoW' 
ever,  the  respiratory  response  was  found  to  be  less  consistent  and 
somewhat  different  than  that  described  by  them. 
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